Abstract Tomato rooting patterns, yield and fruit quality were evaluated in a field trial where three irrigation regimes [0.6 (DI), 0.9 (DII) and 1.2 ET c (DIII)] and three drip irrigation depths [surface (R0), subsurface at 20 cm depth (RI) and subsurface at 40 cm depth (RII)] were imposed following a split-plot experimental design, with four replications. The behaviour of the root system in response to the irrigation treatments was evaluated using minirhizotrons installed between two plants, near the plant row. Rootlength intensity (L a )-length of the root per unit of minirhizotron surface area (cm cm À2 )-was measured at four crop stages. For all sampling dates, none of the factors studied were found to influence L a or rooting depth significantly or the interaction between treatments. For all treatments most of the root system was concentrated in the top 40 cm of the soil profile, where the root-length density ranged from 0.5 cm cm À3 to 1.4 cm cm À3 . The response of tomato fruits to an increase in the water applied was similar in quantitative and qualitative terms for the different drip irrigation depths. Water applied by drip irrigation had the opposite effect on commercial yield (t ha À1 ) and soluble solids (°Brix) (r=À0.82, P<0.001), however, yield in terms of total soluble solids (t ha À1 ) was the same for the 0.9 and 1.2 ET c . The increase in commercial yield can be described by the equation ðcommercial yield ¼ À91:106ð%ET 2 c Þ þ 264:34ð%ET c ÞÀ 55:973; R 2 ¼ 0; 63; P\0:001Þ:
Introduction
Several investigations performed with different horticultural crops to analyse the influence of subsurface drip irrigation on crop yield show that when crops are fed by subsurface drips yields are equal to or greater than those obtained when fed by surface drips (Sammis 1980; Hutmacher et al. 1985; Phene et al. 1987; Bar-Yosef et al. 1991; Camp et al. 1993 ; El-Gindy and El-Araby 1996; Davis et al. 1997; Ayars et al. 1999; . This behaviour can be attributed to factors affecting evaporation from topsoil (Camp 1998) , such as the burying of the irrigation pipe with subsurface drip irrigation, which according to Phene (1991) and Phene et al. (1992) conduces the reduction of topsoil evaporation. However, several other factors have an influence on evaporation from topsoil: the water content of the soil surface resulting either from rainfall or irrigation, the degree of canopy development during the season and the influence of rainfall and irrigation on root growth and activity (Camp 1998) . In processing tomato, during the first stages of crop growth, when the canopy is reduced, subsurface drip irrigation can increase the efficiency of water use when compared with surface irrigation (Machado 2002) , due to a decrease in crop evapotranspiration (ET c ). However, during the first stages of crop development the yield response factor (ky) is low (Doorenbos and Kassam 1986) . Similar yields using surface and subsurface drip irrigation could indicate that evaporation is the same from the moment the canopy effect begins to be felt. As the relationship between water consumption and production shows a sigmoidal curve, the hypothesis that there is a different response to the water supplied can be proposed for intervals where the curve slope is higher. The aim of the present study is then to determine the effect of different water regimes supplied by drip irrigation at different depths on tomato root development, distribution, yield and quality.
Materials and methods

Experimental site
The experiment was conducted on a Regosol Soil (Typic Quarzipsamments) at the Anto´nio Teixeira Research Station Coruche, Portugal. Soil and water characteristics and meteorological data observed during the experiment are summarised in Tables 1, 2 and Fig. 2 , respectively.
Experimental design and treatments
Three irrigation regimes [0.6 (DI), 0.9 (DII) and 1.2 ET c (DIII)] and three drip irrigation depths [surface (R0), subsurface at 20 cm depth (RI) and subsurface at 40 cm depth (RII)] were arranged in a split-plot experimental design with four replications. Irrigation regime was defined as the primary factor and irrigation depth was the secondary factor. The size of each plot was 5·7.5 m 2 , with four rows.
Irrigation was carried out every two days throughout the growing season. The volume of water applied was estimated from ET c (minus rainfall), measured two days before irrigation. When rainfall exceeded the ET c value, irrigation was suspended and the excess water was taken into account when calculating the subsequent irrigation volumes. ET c was estimated using the crop coefficient (K c ) and the Penman Montheith evapotranspiration (ET o ) reference data from a nearby weather station (ET c =K c AEET o ). Crop coefficients used in this study were average values established by Doorenbos and Kassam (1986) for the following crop stages: 0.75 for the development stage (from transplantation to beginning of fruit set); 1.15 for the midseason stage (from the beginning of fruit set to blooming) and 0.88 for the late-season stage (from blooming to fruit ripening, when 75% of the fruits were red or orange). To minimise the effect of different irrigation treatments on the establishment of plantlets, all plants were sprinkler-irrigated at transplantation. Drip irrigation was initiated 11 days after transplanting and terminated when 75% of fruits were red or orange. The total amount of water applied to the crop for every irrigation treatment is presented in Table 3 .
Soil preparation preceding the installation of irrigation tubes, consisted of 40-50 cm deep mouldboard ploughing followed by two 10-15 cm disc-harrow operations. Fertilisers were applied (Table 4) before transplantation (along a 15 cm band) directly below the row and by fertigation, commencing on the third week after transplantation. Ca(NO 3 ) 2 , KNO 3 and H 3 PO 4 were applied three times per week via fertigation, in accordance with the absorption rates estimated by Phene et al. (1986 Phene et al. ( , 1987 . Quantities of nutrients applied which included not only for soil nutrients but also for water nutrients content, were taken into account (Table 2) . Fertiliser concentrations in irrigation water and the injection rate were calculated to ensure that the electrical conductivity of water (Ec w ) never exceeded 2.5 mS cm À1 . Pressure-compensated RAM emitters (2.3 l h À1 ) (Netafim Inc., Israel) were placed 40 cm apart.
Forty-day-old tomato seedlings, cv. ''H3044'', were transplanted at 20 cm within the row and 150 cm between rows, for a total of 33,333 plants ha À1 .
Soil water status
Soil water conditions were monitored using a neutron probe weekly throughout the season. In the four replications, one polyvinyl chloride (PVC) plastic access tube (with a diameter of 50 mm and a wall thickness of 2 mm) per treatment was placed in the row line at a distance of 20 cm from the emitter, and soil water content was quantified to a depth of 100 cm, at 20 cm intervals. Before carrying out counts in access tubes, ten standard counts were performed. Count ratios were calculated by dividing each tube count by the mean of the standard counts. The ratios were then converted to soil water content using a calibration curve developed for the site by Machado (2002) . Using a neutron probe, measurements were always taken on days when no irrigation was carried out.
Root measurement
Root distribution was estimated at four crop stages (at the beginning of fruit set, at blooming, when 75% of fruits were red or orange, and at harvest) using minirhizotrons with a length of 1.5 m and a diameter of 5.2 cm. One tube per treatment was placed parallel to and 10 cm from the plant row, between two plants, at an angle of 30°to the vertical. At 10 cm intervals along the tube, photographs of roots intersecting the minirhizotron wall were taken with a 35 mm camera fitted to an endoscope. Root-length intensity (L a ) was estimated (Tennant 1975 ) and converted into root-length density using the regression equations defined in the calibration procedure described by . For statistical analysis, values for root-length intensity (cm cm À2 ) were transformed using the equation
Crop yield and quality
At the four crop stages, three plants from each subplot were harvested and dried for 2-3 days at 70°C, and weighed for dry mass.
To evaluate yield and quality, all the fruits of plants grown in a 7.5 m 2 area were hand harvested when $80% of the fruits were red or orange. After categorising then into ''mature'', ''green'', ''rotten'' and ''blossom-end rot'' subgroups, the fruits were weighed for commercialyield evaluation. From the mature fruits subset, a sample of 2.5 kg was taken and passed through a 0.8 mm mesh sieve to separate the seeds and the epidermis from the juice. Soluble solids (°Brix) and pH were measured in the homogenised juice.
Results and discussion
Soil water status
Regarding the overall weekly soil moisture pattern, for each water application at the different emitter depths (Figs. 3 and 4) , it is evident that the greatest differences occurred at a depth of 20 cm and especially in the DII and DIII regimes. It is also evident that in all the situations analysed, a sharp increase in soil moisture occurred 76 days after plantation (DAP), probably because irrigation was carried out during the afternoon. The normal procedure was to apply water during the morning, so observations using the neutron probe were carried out sooner after applications. Water content at a depth of 20 cm varied greatly as a function of the localisation of irrigation tubes, although this was less evident for treatments in which smaller quantities of water were supplied (DI) (Fig. 3) . At RII there was no significant response to the increase of water supply in terms of soil moisture, mainly when DII was compared with DIII.
In general, at a depth of 40 cm (Fig. 3) , for each irrigation, soil moisture conditions at the different emitter depths were similar, except for RII with DIII, which presented water content values significantly lower than those obtained for the other treatments: between 27 and 55 DAP and at 68 DAP.
At depths of 60, 80 and 100 cm (Fig. 4) , small differences between DII and DIII were recorded in terms of soil moisture. With reduced water application (DI), moisture at depths of 80 and 100 cm on dates between 40 and 62 DAP was higher at RI. The soil moisture under different irrigation regimes and emitters placement was often above values corresponding to the field capacity ($9%) (Fig. 1) . This can be explained by the frequency of water application (on alternate days) which even with reduced applications could give rise to water loss through percolation to depths where no roots were found.
Root parameters
The combined effect of water application and emitters placement contributed to a water status at 20 cm depth of the soil profile distinct for the different treatments, thus providing conditions which could affect root growth. However, L a measured at different stages of development, at a distance of 10 cm from the crop row, with some exceptions which did not enable distinct behavioural patterns to be established, was in statistical terms affected neither by the treatments studied nor by their interaction (Table 5) .
In a study carried out on the same soil, using identical culture techniques and drip surface irrigation, Machado et al. (2000) observed that tomato root density in the crop row, evaluated on three dates throughout the season using soil-root cores, was also not affected by the quantity of water applied. Similar to the present study, the tomato was transplanted. However, for the direct seeding tomato, Oliveira et al. (1996) . However, Sanders et al. (1989b) observed contrasting results in a trial in which 0.35, 0.70 and 1.05 of ET o were applied, the root density being the highest in the first 30 cm of soil where the lowest water regime was applied. In this study however, a different irrigation system, the Traveling Trickle Irrigation System, was used.
Root-length density along the soil profile, estimated from the regression equations defined for the minirhizotron calibration , is shown in Figs. 5, 6. For different water regimes and irrigation depths, most of the root system was concentrated within the top 40 cm of the soil profile, where RLD reached 0.5-1.4 cm cm À3 .
The maximum rooting depth (1 m) was similar for different treatments and was achieved between the stage of full development of the first blooming and the stage when 75% of fruits were red and orange (Figs. 5, 6 ). These results indicate that rooting depth was independent of water regime and drip irrigation depth. Location of drip irrigation tubes did not influence the root system depth and this has been reported by Kamara et al. (1991) for cotton, Phene et al. (1991) for corn and Bryla et al. (2003) for faba bean, all using soil-root cores, and for processing tomato and using minirhizotron data.
Crop production and fruit quality Dry biomass production was significantly affected by water application, the values being equal for DII and DIII regimes except at the stage when 75% of fruits were red and orange, when dry biomass was higher for DIII. DI presented lower values for the last three crop stages (Fig. 7) . Lateral placement of drips did not have a significant effect on dry matter production (data not shown). Similar results were reported by Bryla et al. (2003) for faba bean. The response of tomato to increasing levels of irrigation was similar in quantitative and qualitative terms for the different drip irrigation depths (Tables 6, 7) . Total and commercial production increased with irrigation from 0.6 to 1.1 ET c (Fig. 8) . The same behaviour was reported by Bar-Yosef et al. (1980) ; Sanders et al. (1989a); Oliveira et al. (1996) and Machado et al. (2000) for surface drip irrigation.
Water applied did not affect orange fruits yield neither those with blossom-end rot (BER). The latter was unexpected, as the tendency is for an increase in number with the reduction of the soil water potential, in accordance with the observations of Pill and Lambeth (1980) and Grierson and Kader (1986) . This phenomenon could be related to the cultivar used and/or the fact that the electrical conductivity of the irrigation water, induced by fertilisation never rose above 2.5 mS cm À1 . Susceptibility to BER varies with the cultivar (Adams and Ho 1992) and an excess of fertiliser or saline water reduces Ca uptake and leads to BER (Ho 1998) .
Rotten-fruit production rose with the increased water applied (Table 6 ). This is in accordance with the observations recorded by Rudich et al. (1977) ; Williams and Sistrunk (1979); Sanders et al. (1989a) .
Regarding tomato fruit quality,°Brix and pH were not significantly affected by the irrigation depth or by the treatment interaction (Table 7) . This is in agreement with the observations of Davis et al. (1985) ; Phene et al. (1986 Phene et al. ( , 1987 and . The water applied had a significant effect on the concentration of soluble solids (°Brix) and total soluble solids (t ha
À1
). Similar observations were recorded by Sanders et al. (1989a); May et al. (1990); Dumas et al. (1994) and Machado et al. (2000) .
Water applied by irrigation had the converse effects on commercial yield and°Brix (Fig. 8 ). There was a negative relationship between fruit yield and°Brix (r=À0.82, P<0.001).
Fruit pH was not affected by the water applied. In contrast, Sanders et al. (1989a) reported that fruit pH decreased as irrigation rates increased. Total soluble solids (t ha À1 ) were significantly lower under DI and treatments with greater irrigation water supplied behaved similarly (Table 7) . Irrigation water use efficiency (IWUE), defined as the ratio of crop yield to seasonal irrigation water applied, including rain (Howell 1994) , was not significantly affected by treatments, the IWUE values varying from 0.202t ha À1 mm À1 to 0.228 t ha À1 mm À1 (Table 6 ).
Conclusions
The hypothesis that a different crop response would result from different quantities of water applied by drip irrigation at different depths was refuted. The results of this field study indicate that, at 10 cm from the plant row, the water regime and the depth of irrigation tubes did not affect root-length intensity or rooting depth. The response of tomato to the water supplied was similar in quantitative and qualitative terms for different irrigation depths.
Commercial yield was higher for the treatment where in the quantity of water applied was the greatest. However, the yield of total soluble solids (t ha À1 ) was the same for the irrigation treatments 0.9 and 1.2 ET c . Therefore, when tomato is grown for the production of concentrates for the industry, the quantity of water to be applied can be 0.9 ET c , which will increase to the same quantity of total soluble material as that obtained with the highest irrigation regime, thereby reducing costs and improving the quality of raw materials. )·°Brix/100 Within each column means with different letters are significantly different *P<0.05; **P<0.001 levels, respectively) (LSD). 
